Accreting supermassive black holes in active galactic nuclei (AGN) produce powerful relativistic jets that shine from radio to GeV/TeV γ-rays. Over the past decade, AGN jets have extensively been studied in various energy bands and our knowledge about the broadband emission and rapid flares are now significantly updated. Meanwhile, the progress of magnetohydrodynamic simulations with a rotating black hole have greatly improved our theoretical understanding of powerful jet production. Nevertheless, it is still challenging to observationally resolve such flaring sites or jet formation regions since the relevant spatial scales are tiny. Observations with very long baseline interferometry (VLBI) are currently the only way to directly access such compact scales. Here we overview some recent progress of VLBI studies of AGN jets. As represented by the successful black hole shadow imaging with the Event Horizon Telescope, the recent rapid expansion of VLBI capability is remarkable. The last decade has also seen a variety of advances thanks to the advent of RadioAstron, GMVA, new VLBI facilities in East Asia as well as to the continued upgrade of VLBA. These instruments have resolved the innermost regions of relativistic jets for a number of objects covering a variety of jetted AGN classes (radio galaxies, blazars, and narrow-line Seyfert 1 galaxies), and the accumulated results start to establish some concrete (and likely universal) picture on the collimation, acceleration, recollimation shocks, magnetic field topology, and the connection to high-energy flares in the innermost part of AGN jets.
Introduction
A small fraction of galaxies release an enormous amount of energy from a tiny volume of the central regions that outshine the whole light of the host galaxies. They are called active galactic nuclei (AGN) and now are widely believed to be powered by the accretion onto the supermassive black holes (SMBH) [1] . Approximately 10 percent of AGN are radio-loud and exhibit powerful relativistic jets [2] , a collimated beam of nonthermal plasma that often propagates beyond the host galaxy. Relativistic jets in AGN have attracted astronomers over the whole past century since the first discovery of such phenomena in the elliptical galaxy M87 [3] . Understanding the formation processes of AGN jets is one of the primary goals in high-energy astrophysics. Moreover, AGN jets transport a significant fraction of BH accretion energy back into their host galaxies and intergalactic space, so studies of AGN jets are also important for understanding the formation and cosmological evolution of galaxies.
The study of AGN jets is challenging for a number of reasons. First, the physics of jet dynamics is extremely complicated. As a jet consists of relativistic magnetized fluids launched near a SMBH and the inner part of magnetized accretion flows, its generation and propagation requires a full treatment of general relativistic magnetohydrodynamics (GRMHD) equations, which has just become possible in recent years thanks to the rapid progress of numerical simulations (see, e.g., in [4, 5] ). Besides, the processes of particle acceleration, energy dissipation (e.g., shocks, magnetic reconnection, turbulence) and their location in the jet are still not well understood, leaving a variety of models to reproduce the observed broadband emission (see, e.g., in [6] [7] [8] [9] [10] ). Second, important jet physical processes as described above are generally associated with very compact spatial scales. According to the current theoretical paradigm of AGN jet production, a jet is initially produced by strong magnetic fields (B-fields) that are amplified by a spinning black hole and the inner part of accretion flows [11, 12] . The flow is initially slow in a magnetically dominated state, and the subsequent acceleration is realized by gradually converting the magnetic energy into kinetic energy. Consequently, the theories suggest that an acceleration and collimation zone (ACZ) is formed over distances ∼10-10 5 Schwarzschild radii (R s ) from the BH (e.g., [13] ). These scales correspond to milliarcsecond (mas) or microarcsecond (µas) scales for nearby (z < 0.1) AGN jets with 10 8−9 SMBH masses. Also, rapid variability and flares observed in X-ray/γ-ray bands often suggest the size of high-energy emitting site to be sub-parsec (pc) scales or even less. Such tiny scales are hard to directly resolve with optical/X-ray/γ-ray instruments.
To directly access such compact scales, very long baseline interferometer (VLBI) observations at radio wavelengths are necessary. Early VLBI experiments with ad hoc arrays from the 1970s to 1980s revealed the pc-scale structures in a few brightest radio sources (see, e.g., in [14] [15] [16] [17] ) with the discovery of core-jet morphology and superluminal motions that are now routinely seen in many jets. The advent of the Very Long Baseline Array (VLBA) 1 in the 1990s greatly enhanced high-resolution studies of AGN jets thanks to its exclusive use for VLBI. AGN jets are now widely studied also with various arrays such as the European VLBI Network (EVN) 2 , the Long Baseline Array (LBA) 3 and the East Asian VLBI Network (EAVN) 4 [18] . These networks were occasionally connected to space-VLBI satellites such as VSOP (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) [19] and RadioAstron (2012-2019) [20] , further enhancing angular resolution. Although the above facilities are mainly operated between 1 and 43 GHz, VLBI is becoming more common also at higher frequencies 86/129 GHz, as represented by the Global Millimeter VLBI Array (GMVA) 5 and the Korean VLBI Network (KVN) 6 . Ultimately, at the highest frequencies, the rapid expansion of the Event Horizon Telescope (EHT) 7 , a global 230 GHz (and 350 GHz) VLBI array, is touching the horizon-scale structures of nearby AGN thanks to its unprecedented high angular resolution (∼20 µas) and reduced optical depth towards the radio core, opening a new frontier of observational studies of AGN/SMBH.
In short, the merits of VLBI for AGN-jet studies can be summarized as follows:
• High-resolution imaging-this allows us to determine the shapes and transverse structures of the innermost jet regions robustly. • Structural evolution monitoring-this allows us to investigate the kinematics and velocity structures of the innermost jet regions via multi-epoch observations. • Spatially-resolved polarimetry-this allows us to probe the detailed configuration the B-fields associated with jets through measurements of electric vector polarization angles (EVPA) or Faraday rotation measure (RM).
Therefore, these features of VLBI are all closely relevant to the key questions on AGN jets, such as the collimation, acceleration, and role of B-fields. Moreover, by coordinating VLBI sessions with other multi-wavelength (MWL) facilities, we can set tight constraints on the location of high-energy flares by cross-correlating the MWL data and examining possible ejections of new components.
In this review, we overview the recent progress of observational studies of AGN jets with a particular focus on VLBI. For an extensive review covering observational results on the other wave bands and theoretical efforts in understanding relativistic jets, please see Blandford et al. [21] . The following three sections are divided by three different classes of AGN: (1) radio galaxies, (2) blazars, and (3) narrow-line Seyfert 1 (NLSy1) galaxies. These three classes of AGN are now firmly established as the ones with powerful relativistic jets thanks to the recent accumulated data from the Fermi high-energy γ-ray satellite [22] . In Section 2, we start with radio galaxies, for which VLBI studies on individual objects have probably most advanced in recent years. In Section 3, we focus on blazars for which continued efforts on VLBI monitoring have been made over the last 2-3 decades. In Section 3, we briefly overview radio-loud NLSy1s, which have recently been identified as a new class of jetted AGN. Finally, in Section 4, we provide a summary with some future prospects.
Radio Galaxies
Radio galaxies are a major subclass of radio-loud AGN, where the jet axis is misaligned from our line-of-sight (i ≥ 10 • ). Due to their milder Doppler boosting effect than that of blazars, radio galaxies often show the morphology of two-sided jets plus core at various scales. Radio galaxies are further divided into two types, i.e., Fanaroff & Riley (FR) I and II [23] . The former type sources have lower luminosity (L 178 MHz ≤ 2 × 10 25 W Hz −1 ) radio jets whose intensity fall away from the nucleus, whereas the latter have higher-power jets leading to hot spots at the outermost edges of the radio lobes. Despite the misaligned nature, now more than 40 radio galaxies are detected in GeV γ-rays with Fermi [24] , and a few of them (e.g., 3C 84) show quite variable γ-ray activities reminiscent of blazars. Since well-known radio galaxies are located at low redshifts compared to typical blazars and also the location of the central engine can be tightly constrained as the root of a twin jet, radio galaxies are suitable targets to investigate the jet formation and collimation scales near SMBH. Here, we particularly highlight two nearby radio galaxies M87 and 3C 84, which are among the most intensively studied objects by VLBI in the last decade, and thus unprecedented details on the innermost jet structures are currently known.
M87
M87 is a FR-I type radio galaxy at the center of the Virgo cluster. Due to its proximity (D = 16.8 Mpc [25] ), the kpc-scale jet is well resolved at radio, optical and X-rays (see, e.g., in [26] [27] [28] [29] ). Past optical/IR spectroscopic studies of the nuclear gas and stellar dynamics suggest a SMBH of M BH ∼(3.2-6.6)× 10 9 M [30] [31] [32] . The combination of the proximity and the large M BH yields a linear resolution 1 mas = 0.08 pc = 128-265 R s . Astrometric core-shift measurements indicate the 43 GHz core to be located within a few tens of R s from the BH [33] , and early EHT 230 GHz experiments detected a compact radio core with a size of ∼40 µas that is consistent with a horizon-scale structure [34, 35] . Therefore M87 has long been considered as a privileged target for imaging a BH shadow [36] and launching/formation scales of a relativistic jet with VLBI.
Black Hole Shadow
An epoch-making result has recently been released from the EHT Collaboration [37] [38] [39] [40] [41] [42] . By assembling an Earth-sized 230 GHz VLBI array with eight stations, including ALMA, the EHT has detected the shadow of the central SMBH of M87 (Figure 1 bottom) . Some of the main features of the M87 EHT images are summarized as follows. (1) The images show a bright circular ring with a diameter of 42 ± 3 µas with a central dark area, where the brightness ratio is ≥10:1. The ring-like structure is in agreement with a gravitationally-lensed photon ring expected by the general relativity around a Kerr spacetime. (2) The ring diameter constrains the mass of the central BH to be (6.5 ± 0.7) × 10 9 M , which is in agreement with the value estimated from the previous stellar dynamics measurements [32] .
(3) The peak brightness temperature is T B ∼ 6 × 10 9 K, which is consistent with the radio emission to have synchrotron origins. (4) The ring shows an asymmetry in brightness where the southern part is brighter than the northern part, which can be explained by relativistic Doppler boosting (deboosting) of matter rotating around the BH. As the observed emission originates within a few gravitational radii from the BH, the north-south asymmetry can be controlled by the BH spin and thus suggests the sense of BH spin to be in the clockwise direction when viewed from the Earth. Overall, these features provide compelling evidence for the presence of the SMBH as the central engine of AGN. Nevertheless, the first M87 EHT images show no clear signature of extended emission around the ring, despite the remarkable jet visible at low frequencies. It is likely that the first EHT images are still highly dynamic range-limited with the absence of short baselines that are sensitive to the extended emission. Future EHT observations with enhanced sensitivity and image dynamic range (e.g., using more stations) would be the key to connect the BH shadow to jet launching unambiguously. 
Jet Base, Collimation, and Transverse Structures
The M87 jet beyond the horizon scales has intensively been investigated over the last years with VLBI at 86 GHz and lower frequencies (Figure 1 top right). Recent high-sensitivity array (HSA) or GMVA 86 GHz images of M87 have resolved a wide opening angle jet base within ≤10-100 R s scales with a clear limb-brightening structure [43, 44] , which is consistent with magnetically-driven jet simulations/models with a spinning BH [45] [46] [47] [48] . At similar scales VLBA polarimetric images at 43 GHz indicates the presence of hellically-wrapped B-fields [49] , which is also suggestive of magnetic scenarios. Beyond 100 R s from BH, multi-band VLBI images at 1-43 GHz revealed a parabolic shape of the M87 jet all the way up to ∼10 6 R s where the bright knot HST-1 appears [50] [51] [52] , whereas beyond HST-1, the jet becomes conical [26, 50] (Figure 2 left) . Notably, the geometrical transition coincides with the Bondi radius of SMBH [53, 54] , suggesting that the external medium bounded by the SMBH gravity plays a key role in supporting the jet collimation [50] (see also Section 2.1.4).
Although the limb-brightened envelope is now routinely seen, some of the recent high quality M87 VLBI images at ≤15 GHz have detected another streamline in the middle of the jet [55, 56] . Such a triple-ridge structure is suggestive of a "spine sheath" structure, in which the central spine could be associated with a BH-powered jet (e.g., [57] ). Additional observational clues (e.g., spectral and velocity gradients across jet) would better understanding of the nature of the central stream. 
Jet Kinematics and Velocity Profile
The kinematics of the M87 jet is still controversial. At kpc scales, the jet proper motion is relatively well defined [27, 59] , where the jet is overall superluminal and decelerating from~6 c at~100 pc (HST-1) to~1 c at >1000 pc. At pc-subpc scales on the other hand, past low-cadence VLBA monitoring often reported very slow or quasi-stationary speeds [60] [61] [62] [63] . However, such low speeds would be inconsistent with the large jet-counterjet brightness ratio, implying that monthly/yearly monitoring intervals are insufficient to properly trace the inner jet motion.
In this context, several groups have started more dedicated (biweekly or less) monitoring programs of the M87 inner jet using various different facilities/frequencies (VLBA at 43 GHz [49, 64, 65] ; KaVA/EAVN at 22/43 GHz [58, 66] ) ( Figure 2 right). Importantly, they consistently detected fast motions (up to~2-3 c) within a few 100 R s from the jet base, which can account for the jet-counterjet ratio. They also found a trend of gradual acceleration with distance that may connect to the maximum speed at HST-1. Notably, the observed acceleration regions seem to be coincident with those where the parabolic jet collimation is seen. This implies that the collimation and acceleration are closely linked with each other for a wide range of distances from BH, as expected by the magnetic collimation and acceleration scenarios [13, 47] .
Nevertheless, these studies also claim the presence of multiple velocity components, even at the same distances from BH, suggesting that the true jet velocity fields are more complicated. This may indicate that one speed is associated with a bulk flow while another one traces a pattern or instability filament [65] . Alternatively, the jet contains velocity stratification where different jet speeds represent different layers in the jet [58] . Further accumulation of velocity measurements/samples would be required to discriminate between these scenarios.
Accretion Flows and Winds
The nucleus of M87 is known to be highly underluminous (L bol ∼ 10 42 erg s −1 ∼ 10 −6 L Edd [67] ) compared to the luminosity expected from the accretion rate (Ṁ) determined at the Bondi radius (Ṁ B ∼ 0.2 M yr −1 [53, 54] ). This indicates that the accretion state of the M87 BH is highly radiatively inefficient and/orṀ near the horizon is much lower thanṀ B . Indeed, RM measurements of the nucleus with the submillimeter array (SMA) at 230 GHz showṀ ≤ 10 −3 M yr −1 near the BH, at least 2 orders of magnitude lower thanṀ B [68] , suggesting a substantial mass loss between the Bondi radius and BH. However, there were no dedicated studies searching for the inferred mass loss between these two scales.
In this context, by collecting multi-frequency VLBA data, Park et al. [69] have recently examined the spatially-resolved RM structures of M87 inside the Bondi radius in great detail. They discovered a systematic decrease of RM magnitude with distance between 5000 and 200,000 R s from the BH (Figure 3 ), the slope of which can be nicely reproduced with a thermal gas density profile ρ ∝ r −1 . This density profile is significantly flatter than that of the classical advection-dominated accretion flows (ADAF) with pure inflows, and strongly indicates a mass loss with substantial winds as expected by the adiabatic inflow-outflow solution (ADIOS) [70] . Winds from radiatively inefficient accretion flows (RIAF) have long been considered theoretically, but this work provides the first compelling observational evidence confirming the prediction. Furthermore, the RM results also confirmed that the pressure profile of the winds is shallow enough to confine the M87 jet in a parabolic shape until the Bondi radius. This is also in good agreement with recent GRMHD jet simulations with RIAF-type flows [47] , where winds from RIAF are indeed the major external source confining the relativistic jet.
HST-1 
Connection to High-Energy Emission
M87 is also known as a γ-ray emitter up to GeV/TeV bands, and joint VLBI monitoring, along with γ-ray instruments, plays a key role in pinpointing the location of high-energy emission site. To date, M87 underwent three remarkable TeV flaring events in 2005, 2008, and 2010. In 2005, a TeV flare [71] was accompanied by the radio-to-X-ray outbursts from HST-1 with the emergence of superluminal components [72] . For the 2008/2010 events, in contrast, the nucleus showed enhanced emission at 43 GHz and X-rays [73] [74] [75] [76] . A relatively minor TeV event was also reported in 2012 [77] , where the radio core again showed a remarkable flux increase while HST-1 remained quiescent [78] . This event also coincided with a 230 GHz VLBI session on the nucleus, and interestingly it detected an enhanced 230 GHz flux not on horizon scales but on ∼30-60 R s scales, suggesting that the active site may not be too close to the BH [35] . In summary, the previous MWL statistics tend to prefer the core to HST-1 as the origin of γ-ray production. Nevertheless, the events associated with the core all showed different types of radio-TeV correlation, leaving a variety of theoretical models still viable (see, e.g., in [79] [80] [81] [82] [83] [84] ) (see, also, review in [85] ).
Note that, despite its prolonged low state after the 2005 event, HST-1 still continues to attract a great deal of interest. A continuing HST-1 monitoring with EVN/VLBA indicates the persistent fast (4-6) c motion with repeating new ejections from the upstream side [86, 87] , resembling the core of γ-ray blazars. A recent VLBA polarimetric study of M87 found a significant local increase of RM values in HST-1 (Figure 3 ), further supporting the recollimation shock scenario of this feature [69] .
3C 84
3C 84 is a nearby (D = 75 Mpc) bright radio source associated with the elliptical galaxy NGC 1275 in the Perseus cluster. The radio source is known to have multiple lobe-like morphology from 10 kpc to pc scales [88, 89] , imprinting recurrent jet activities. Between 2005 and 2008, the nucleus restarted its activity with enhanced γ-ray emission [90] , followed by the ejection of a new radio component "C3" from the subpc-scale core towards the southern jet [91, 92] . This led to subsequent extensive MWL observations of 3C 84 that are still ongoing. Various observations of this galaxy indicate gas-rich nuclear environments feeding the AGN [93] [94] [95] [96] [97] [98] [99] . These properties make 3C 84 a unique target for examining the connection among jet formation, γ-ray production, feeding/accretion to SMBH, and feedback to the environments.
Recent high-resolution VLBI imaging of 3C 84 has significantly updated our knowledge about the transverse structure of the pc-subpc-scale jet. With VLBA at 43 GHz Nagai et al. [100] revealed a clear limb-brightened morphology on the restarted jet. Moreover, RadioAstron has resolved the limb-brightened structure even closer to the jet base down to 50 µas scales (corresponding to ∼200 R s ) [101] (Figure 4 left) . The image discovered a broad opening angle near the jet base similar to M87, suggesting that the jet formation scales near BH is beginning to be accessed. Intriguingly, the subsequent collimation profile is close to cylindrical, in contrast to M87. This implies the difference in the environments where the jet propagates, given the gas-rich properties known on large scales. However, the circumnuclear properties on small (∼pc) scales have not been examined yet. In this context, some clues to the pc-scale circumnuclear environments have been found by monitoring the long-term trajectory of C3: the head of the restarted jet. While C3 was traveling straight towards the south after its ejection [103] , during mid 2015, C3 showed a sudden change of direction, moving towards the east by 0.4 mas (0.14 pc in linear scale) [102] (Figure 4 right), together with enhanced radio emission in both total [102, 104] and polarized fluxes [105] . This peculiar behavior is hard to be explained by the intrinsic motion of the jet, whereas it would be naturally explained if C3 is interacting with an inhomogeneous dense clumpy medium [106] . The presence of inhomogeneous, dense surrounding medium at pc-subpc scales is also suggested by the recent detection (and free-free absorbed spectra) of the counter-jet at 2 mas north from the core [107] .
The dense circumnuclear environments, on the other hand, could make the study of intrinsic jet properties and their connection to the γ-ray production more complicated. Therefore, high-frequency VLBI that is less affected by the foreground material are crucial. Indeed, a recent 86 GHz GMVA polarimetric analysis has detected polarized signals towards the core that might be associated with B-fields in the jet formation scales [108] . Also, a KVN 129 GHz monitoring program have revealed multiple γ-ray emission sites (both the core and C3) thanks to the improved radio-γ-ray correlation than at lower radio frequencies [104] . Ultimately, these characteristics at high frequencies would render 3C 84 an interesting target for future EHT 230 GHz observations.
Other Radio Galaxies
Other than M87 and 3C 84, an increasing number of nearby (z < 0.1) radio galaxies have recently been probed with high-resolution VLBI, resolving their innermost jet geometry. This includes sources such as NGC 4261 [109, 110] , NGC 6251 [111] , NGC 1052 [112] [113] [114] , Cygnus A [115] [116] [117] , Centaurus A [118] [119] [120] , 3C 111 [121, 122] , 3C 120 [122] [123] [124] , 3C 264 [125] , and PKS 1514+00 [122] . Remarkably, all of these jets show parabolic (or possibly cylindrical for NGC 1052 [114] ) shapes at pc-subpc scales, indicating that the collimation zone is well resolved in these radio galaxies. Moreover, 6 out of these jets (NGC 4261, NGC 6251, NGC 1052, 3C 111, 3C 120, and PKS 1514+00) show parabolic (cylindrical) to conical transitions near the sphere of gravitational influence of SMBH, akin to M87, implying a common jet collimation mechanism being at work in these sources.
In contrast, the Cygnus A jet keeps a parabolic shape from 0.3 pc to 60 kpc [117] . This is remarkable since the jet collimation is sustained over 8 orders of magnitude in gravitational radii, well beyond the gravitational influence of the central BH. As Cygnus A is a powerful FR-II jet while the other sources with jet break are mostly FR-I (except for 3C 111), this implies that a high power jet can drill into the ambient medium with its shape kept intact [126] . Alternatively the Cygnus A jet could be pressure balanced against the ambient medium for such large scales due to the cocoon or backflow from the hotspot surrounding the large-scale jet, which is unique to FR-II sources. To better elucidate the possible dichotomy in jet collimation shape between FR-I and FR-II, it would be necessary to increase the size of the FR-II sample.
Another remarkable update on radio galaxies from recent MWL observations is that a growing number of radio galaxies have been detected, even in TeV γ-rays, which is surprising given the misaligned nature of this population. To date, six TeV emitting radio galaxies are identified (Cen A, M87, 3C 84, IC 310, 3C 264 and PKS 0625-35), and some of them (3C 84, IC 310 and M87) show extremely fast TeV γ-ray variability (∆t < 1 day), thus implying very compact emitting scales. As demonstrated in M87, coordinated VLBI monitoring of the nuclei along with TeV instruments would be very useful to better constrain the site of active emission. For more details on this topic see reviews in [85, 127] .
Blazars
Blazars are the most extreme class of AGN, in which the jet axis is almost aligned with our line-of-sight (i < 10 • ). They are further divided into flat spectrum radio quasars (FSRQ) and BL Lac objects based on different optical emission line properties [2] . In the 1990s, virtually all the γ-ray AGN detected by the Energetic Gamma Ray Experiment Telescope (EGRET) on board the Compton Gamma Ray Observatory (CGRO) were classified as blazars [128] , and to date more than 3000 γ-ray sources are identified as (or associated with) blazars [24] thanks to the Fermi Large Area Telescope (LAT). Broadband spectral energy distributions (SED) from radio to γ-rays of blazars are dominated by highly Doppler-boosted nonthermal radiation from the beamed jet, as characterized by a two two-humped shape in the ν-νF ν domain (synchrotron and inverse Compton emission in the low/high-energy sides, respectively). The boosted emission accompanies frequent flares or rapid variability in all wave bands, offering an excellent opportunity to study the physics of relativistic jets, their internal structures, and flaring mechanisms. The bright and compact nature of blazars on pc scales makes them a dominant target population of VLBI studies since the early days of VLBI astronomy. Nevertheless, a number of fundamental questions on blazars remain to be resolved. Here we highlight some recent progress of VLBI studies on blazars.
Parsec-Scale Jets in Blazars: Statistical Properties
The largest statistical studies on the pc-scale jets of blazars have been performed in the Monitoring of Jets in Active Galactic Nuclei With VLBA Experiments (MOJAVE) program (see, e.g., in [129, 130] ). MOJAVE monitors a large number of AGN jets using VLBA at 15 GHz on a monthly basis, with the primary purpose to investigate the mas-scale (typically~1-100 pc projected) structures of bright jets and their structural evolution, as well as to search for the connection to the observed jet properties at other wavelengths. The MOJAVE program, together with its precursor the VLBA 2 cm Survey [131] , is a roughly 20-year and still ongoing long-term program and a total of >400 sources (mostly blazars) have been monitored so far, whereas~200 selected sources are currently monitored.
Thanks to the large accumulation of jet monitoring data over two decades, the program now determines the proper motion and its time derivative (i.e., acceleration) of individual jet features in great detail. A majority of jet features show a trend of radial acceleration within deprojected distances~100 pc from the core, while beyond which the jet components begin to decelerate or remain nearly constant in speed [132] [133] [134] . This suggests that the jet acceleration zone of blazars are quite extended. The program also confirmed that a number of jets (>40) contain quasi-stationary features particularly within a few parsecs (projected) from the core [134] , which might be associated with recollimation shocks. Especially in BL Lacertae, Cohen et al. [135] showed that a stationary feature at 0.34 pc (projected) from the core behaves as a nozzle ejecting superluminal knots, which is very similar to HST-1 in M87.
The accumulated jet images for each source also reveal time-averaged but ultra-deep maps for each jet by stacking multi-epoch images. Based on stacked MOJAVE images for >300 jets, Pushkarev et al. [136] found that the typical jet geometry in their samples is close to conical on scales of 100-1000 pc, even when the jet appears knotty at individual epochs. This indicates that in most jets the underlying flow channels are much wider than previously thought. On smaller scales, in contrast, a number of jets show quasi-parabolic shapes. Interestingly, the jets with significant radial accelerated motion undergo more active collimation, implying the coexistence of acceleration and collimation. MOJAVE also found that the above jet collimation/acceleration statistics of blazars seem to be closely linked to their γ-ray properties. The LAT-detected γ-ray AGN in the MOJAVE sample tend to have higher jet speeds than non-LAT-detected AGN [133] . Also, the LAT-detected sources tend to have narrower intrinsic opening angles and smaller viewing angles than non-LAT-detected jets [136] . This strongly suggests that the observed γ-ray luminosity of blazars is controlled by pc-scale jet Lorentz factor, viewing angle and opening angle, confirming the Doppler beaming scenario [137] .
These pc-scale statistical properties of blazar jets found by MOJAVE are largely consistent with those found by another famous blazar program led by the Boston University (BU), which is regularly monitoring over 30 of the brightest γ-ray blazars with VLBA at 43 GHz [138] . The BU program often reveals more remarkable correlation between pc-scale jets and γ-ray events in terms of structural changes (i.e., superluminal ejections) and light curves than at 15 GHz. This indicates that the γ-ray production site of blazars is more closely associated with the mm-wave core which is closer to the BH, motivating higher-resolution studies towards the jet base as described in the next subsection.
Based on MOJAVE samples another notable finding is reported by Zamaninasab et al. [139] ( Figure 5 ). They found in 76 MOJAVE sources (including eight radio galaxies) that the poloidal magnetic fluxes threading pc-scale jets (estimated via core-shift) are in nice agreement with the theoretical magnetic fluxes threading the BH horizon as expected from the magnetically arrested disks (MAD) [5] , meaning that many powerful blazar jets are generated via strong ordered B-fields anchored by a spinning BH. This, again, stimulates higher-resolution VLBI dissecting the deepest part of blazar jets and their B-fields. acc M that is proportional to the theoretical MAD magnetic flux threading BH (Φ BH ) and is estimated by the accretion disk luminosity (L acc ) and BH mass (M) (adapted from the work in [139] ).
The Innermost Regions of Blazars
The innermost regions of blazars are often probed by VLBI at ≥22 GHz. Thanks to its higher angular resolution and transparency to the jet base, high-frequency VLBI can resolve jet structures of blazars on pc-subpc scales, and the connection to the jet properties observed in optical/X-ray/γ-ray bands can be better examined.
The most prominent feature in the innermost part of blazars is the radio core at the apparent root of VLBI jet images. The physical origin of the blazar radio core and its location with respect to the central BH have been debated in the past decade and it is still a lively question at present. Dense VLBI monitoring at 22/43 GHz, in the last decade, discovered a number of blazars ejecting of superluminal components from the core near in time to active γ-ray flares, and some of the events further accompany systematic rotation of optical/millimeter polarization angles (see, e.g., in [140] [141] [142] [143] [144] . These results suggest that the core of blazars represents a stationary recollimation shock at some distances (typically between~0.1 and~20 pc) from the BH, likely appearing at the end of ACZ. This seems to be in contrast to the case of the core in radio galaxies, which is likely a synchrotron-self-absorbed (τ ssa ∼1) surface near the BH within ACZ (e.g., [33, 109, 112] ).
For a few selected blazars, finer-scale structures in the core region are resolved thanks to ultrahigh angular resolution imaging with RadioAstron [145] [146] [147] [148] [149] . An excellent example is BL Lacertae by Gomez et al. [146] , where the jet base was imaged at 22 GHz at 21 µas resolution. The image revealed the emission upstream of the radio core. This indicates that the upstream emission originates near the BH, while the radio core marks a recollimation shock formed at ∼40 µas (0.05 pc projected) from the jet apex. Furthermore, their spatially-resolved polarimetry within 0.5 mas of the core revealed significant gradients in RM and EVPA as a function of position angle with respect to the core, providing evidence that the jet is threaded by helical B-fields at these scales (Figure 6 left) . These spatially-resolved results confirmed the scenario proposed in the previous MWL observations [140] . [146] ). (Right) RM map of CTA 102 made by 43/86 GHz data, overlaid on a 86 GHz GMVA total intensity contour map (adapted from work in [150] ). Both images show significant RM gradients around the core.
In the higher-frequency regime, 86 GHz VLBI reveal features at the core that were not well traced at 22/43 GHz alone. A growing number of bright blazars are now regularly observed with GMVA (e.g., S5 0716+714 [151] , Mrk501 [152, 153] , CTA 102 [150, 154] , NRAO150 [155, 156] , 3C345 [157] , OJ287 [158] , PKS 1510-089, and more [159] ), many of which are among the ongoing targets of the BU-VLBA 43 GHz program. For CTA 102, a combined polarimetric analysis of GMVA 86 GHz and VLBA 43 GHz data revealed a significant RM gradient around the core [150] (Figure 6 right) , similarly to the case of BL Lac, implying the presence of twisted B-fields at ∼1 pc scales. GMVA images of the above sources also often indicate that jet bending seems to be common in their innermost jet regions, although the exact physical origin is under debate.
Besides GMVA, the mm-wave core of blazars is currently monitored with KVN in a unique way. Although the array is relatively compact, KVN can do simultaneous 22/43/86/129 GHz imaging with a full-polarimetric capability at mas resolution [160] . A systematic KVN study for a sample of γ-ray blazars find that the core spectra in their samples systematically become steeper at 86-129 GHz, implying that the fully optically thin regime of the jet base is beginning to be accessed at these frequencies [161] . Furthermore, Park et al. [162] have found a systematic increase of RM magnitude with increasing frequency in the mm-wave core of several brightest blazars, indicating a greater B-field strength and electron densities towards the jet base.
Core-Shift
Another powerful method with VLBI to study the innermost regions of relativistic jets is to measure the "core-shift" effect, which is a mas/µas-scale frequency dependent shift of the radio core position. When the radio core at each frequency corresponds to the surface where the optical depth for synchrotron self-absorption (SSA) becomes unity, the position of the radio core moves towards the jet base with increasing frequency [163] . Core-shifts can be measured by either a phase-referencing method (that utilizes an external position calibrator, see e.g., in [33, 164] ) or a self-referencing method (that takes advantage of optically-thin jet features in the target itself, see, e.g., in [165] [166] [167] ). With the core-shift one can constrain/estimate various jet parameters such as the location of the jet apex, innermost jet collimation profile, B-field strength and particle number density [168, 169] . Surveys of the core-shift for a large number of blazars show that most of jets follow a frequency dependence of r core (ν) ∝ ν −1 [166, 167] that is consistent with the Blandford & Königel conical jet model [163] 8 , whereas a recent study combining the results of core-shifts and core sizes for many blazars [170] found that their innermost jet geometries do not exactly follow a pure-conical shape but rather can be described by semiparabolic shapes. This suggests that jet collimation scales are resolved near the core in many blazars, which is consistent with other jet morphology studies [136] .
The presence of core-shifts in many blazars seems to be apparently inconsistent with the recollimation shock scenario for blazar cores. One possible idea to accommodate this apparent inconsistency would be that radio cores at low frequencies are SSA-thick surfaces in the downstream side of the jet, whereas high-frequency (≥43 GHz) radio cores represent shock features in the upstream side of the jet (see, e.g., in [164] ). However, if we recall M87 and HST-1, the above scenario may not always be the case since the standing shock in the downstream side (HST-1) is more pronounced at low frequencies while the radio core at the jet base is in good agreement with a SSA surface up to 43-86 GHz (then the core becomes optically thin at 230 GHz as we see the BH shadow). Probably other parameters such as jet viewing angles and/or possible jet stratification should be carefully taken into account to properly examine this issue.
Polarimetric Properties
On mas scales, blazars are also bright in polarized flux, in contrast to radio galaxies, in which the pc-scale regions are likely highly depolarized due to the dense foreground medium [171] . As some of the recent highlights are already introduced before, bright polarized signals of blazars give us clues on various internal jet physics such as the global/local structures of B-fields, shock compression, velocity shears, as well as the Faraday screen surrounding the jet.
A continuing debate regarding VLBI polarimetry of AGN jets is whether Faraday RM gradients are present transverse to the jet or not. If a jet possesses helical B-fields, as is commonly invoked in magnetically-driven models, one should see a systematic RM gradient across the jet because of the gradual change of the B-field component along our line-of-sight [172] , as demonstrated also in recent dedicated GRMHD simulations [173] . The first observational signature of such a transverse RM gradient was reported in the pc-scale jet of 3C 273 [174] . To date, transverse RM gradients have been reported in ∼30 pc-scale jets (see, e.g., in [165, [175] [176] [177] [178] [179] [180] [181] [182] ). Moreover, as mentioned before, the recent high resolution polarimetric studies with GMVA and RadioAstron have revealed transverse RM gradients even closer to the jet base [146, 150] , implying that helical B-fields in jets are preserved over a wide range of distances from the innermost regions to far beyond the VLBI core. However, the persistence of ordered fields for such long distances would be nontrivial, as the downstream part of the jet beyond the radio core is expected to be largely kinetically dominated, so the B-fields would become tangled by 8 It should be noted that a core-shift with ν −1 could also be reproduced "artificially" by the effect of core-jet blending with limited angular resolution. Such a blending effect would be especially serious for distant jet sources (and in particular at low frequencies where the jet emission is more pronounced and the angular resolution is worse than at high frequencies). MHD instabilities. Since most of the previous jet RM images are highly sensitivity limited with patchy RM spots covering only a small fraction of the total jet area, more sensitive VLBI polarimetry at cm wavelengths, such as the one connected to the Square Kilometer Array (SKA) 9 , would be the key to definitely determine the global B-field configuration.
Note that significant progress in blazar polarimetry has also been obtained from radio facilities in mm/submm bands (86/129/230/300 GHz), thanks to the advent of ALMA as well as KVN/GMVA. In particular, recent mm/submm RM measurements of blazars consistently show a systematic increase of RM magnitude towards higher frequencies [162, 183, 184] , reaching as high as 10 5−8 rad m −2 , which are at least ∼2-5 orders of magnitude higher than those typically measured at low frequencies. This strongly indicates the existence of dense Faraday screens and/or strong, highly-ordered B-fields towards the jet base, as expected by magnetic-driven jet models. In any case, future mm/submm-VLBI RM measurements are required to spatially resolve the site causing such large RM and thus to reveal the B-field structures in the Poynting-dominated regime of the jet.
Narrow-Line Seyfert 1 Galaxies
One of the most surprising discoveries by the Fermi satellite is the detection of γ-ray emission from narrow-line Seyfert 1 galaxies (NLSy1s) [185] . NLSy1s are a subclass of AGN defined by its optical properties, i.e., narrow permitted lines of FWHM (Hβ < 2000) km s −1 , [O III ]/Hβ < 3, and a bump due to Fe II emission lines [186] along with a large soft X-ray excess (see, e.g., in [187] ). NLSy1s are suggested to have low BH masses (10 6−8 M ) and high accretion rates (near the Eddington limit). While a majority (∼90%) of them are radio quiet (R < 10), about 7% are radio-loud (R ≥ 10) and the remaining ∼3% are very radio-loud (R > 100) [188] . The discovery of γ-ray emission from NLSy1s indicates the emergence of a new class of AGN that can produce powerful relativistic jets in addition to blazars and radio galaxies. To date, 9 sources have securely been confirmed as "bona fide" γ-ray emitting NLSy1s in the 4FGL catalog [24] , whereas some more sources are claimed in Paliya et al. [189] , although these additional ones should be regarded as "candidate" γ-ray NLSy1s due to their less definitive nature (see [190] ). Compared to blazars and radio galaxies, the nature of the NLSy1 jets is still poorly understood, i.e., according to the standard AGN paradigm, the combination of low M BH and highṀ makes it difficult to generate powerful jets. Therefore, the physics of NLSy1 jets requires much more exploration, and high-resolution radio observations may help understand the mechanisms of relativistic jet formation in a possible distinct (M BH ,Ṁ) domain from the rest of the jetted AGN classes. Below, we briefly overview recent radio/VLBI studies on (mainly radio-loud) NLSy1s. For an extensive review on γ-ray emitting NLSy1s and their broadband properties. please see D'Ammando [190] .
Parsec-Scale Radio Properties of NLSy1s
So far, approximately 40 NLSy1s have been observed with VLBI (see, e.g., in [191] [192] [193] [194] [195] [196] [197] [198] [199] [200] [201] [202] [203] [204] ), where most of them are radio-loud and only seven sources are radio quiet [197] . The pc-scale morphology of these sources is predominantly either very compact (point like) or a core with one-sided jet, while a smaller number of sources show two-sided structures. The brightness temperature of the radio core of NLSy1 is typically above 10 7 K (with a few sources up to 10 12 K) [192, 197, 202] . These characteristics indicate that the pc-scale radio emission from the radio detected NLSy1s is Doppler beamed, similar to blazars. A blazar-like radio emitting nature of NLSy1s is also confirmed from single-dish studies which found intensive radio variability [201, 205, 206] . On kpc scales NLSy1s are generally compact at radio, but extended structures ranging from ∼1 kpc to ∼100 kpc (projected), with a variety of morphology, have recently been detected in an increasing number of sources [207] [208] [209] .
In terms of the kinematic properties of NLSy1 jets, six bright γ-ray NLSy1s were regularly monitored with MOJAVE [133] . They found significant superluminal motions (up to ∼10 c) in three out of the six sources (1H 0323+342, SBS 0846+513, PMN J0948+0022), suggesting that (at least for the six sources) strong Doppler boosting with small jet viewing angles (i ≤ 10 • ) is at work, similar to blazars. The jet kinematics of other radio-loud NLSy1s (including non-γ-ray detected ones) are still largely unknown due to the general compactness of the source morphology and the absence of systematic monitoring programs.
A Case Study: The Nearest γ-Ray NLSy1 1H 0323+342
Among the known γ-ray emitting NLSy1s, a particularly interesting object would be 1H 0323+342 (see also recent review specific to this source [210] ). This source is known as the nearest (z = 0.063) γ-ray detected NLSy1 [185] , and is one of the few NLSy1s where the host galaxy is imaged [211] . Various measurements suggest a BH mass of the order of 10 7 M [211] [212] [213] [214] , although there are still counterarguments [215] . On pc scales, one-sided jet morphology is clearly defined [199] with a transversely-resolved (limb-brightening) jet structure [216] (Figure 7 left) . Also, a signature of gradual increase of jet speeds (up to ∼9 c) from the core to ∼8 pc (projected) down the jet is reported [133, 216, 217] . Thus, the rich source structures along with the proximity offers an excellent opportunity for probing the details of the innermost part of NLSy1 jets at the finest linear scale in all active NLSy1 (1 mas = 1.2 pc).
In Hada et al. [218] , an extensive morphological analysis on the pc-scale jet of 1H 0323+342 was performed with multi-frequency VLBA data. They discovered that the inner jet morphology is well-characterized by a parabolic (well-collimated) shape, whereas the jet expands more rapidly at larger scales (Figure 7 right) . The observed parabolic regions seems to be coincident with those where the jet speed gradually accelerates, suggesting that the jet acceleration and collimation regions are cospatial. Another notable finding in this jet is a bright stationary feature located at 7 mas from the core (corresponding to a deprojected distance ∼92 pc for i = 5 • ). The location of the collimation break is coincident with this feature, and it shows highly polarized emission and significant local contraction of jet cross section. These observational characteristics strongly indicate that this feature represents a recollimation shock. Remarkably, these observational features of this jet are overall very similar to those of M87 and HST-1. Although this might suggest a common jet formation mechanism in these sources, such a similarity is surprising given their very different M BH ,Ṁ and host galaxy types. 
MWL Properties
The accumulation of MWL data on γ-ray NLSy1s reveals that their broadband SEDs are similar to those of FSRQ [219, 220] , where the overall radiation output is dominated by the inverse Compton component. This indicates the presence of strong external seed photon fields, most likely from the broad-line region or dusty torus illuminated by the luminous accretion flows. However, one of the past γ-ray events in 1H 0323+342 showed an interesting coincidence with the passage of a superluminal knot through the stationary feature at 7 mas [216] . If these two are physically linked, this implies the production of γ-rays at an even farther distance from the BH (∼92 pc for i = 5 • : much outside the broad line region (BLR), but likely within the narrow line region (NLR) [210] ). Radiation-MHD simulations of super-critical accretion flows suggest the presence of powerful winds driven by strong radiation pressure (see, e.g., in [221] ), so such components unique to this type of BH might help collimate and create a recollimation shock at such far distances.
Due to the similarity to FSRQ together with lower M BH and higherṀ, there is an interesting proposal that radio-loud NLSy1s are at an early evolutionary phase that would have them eventually grow into FSRQ [222, 223] . Some past studies suggest that radio-loud NLSy1s share some common properties with compact steep spectrum (CSS) objects (see, e.g., in [222] , a class of young radio sources. To better understand how NLSy1s fit into the unification and evolutionary scenarios of AGN, further broadband studies would be required. As no NLSy1s have yet been detected in TeV γ-rays, forthcoming Cherenkov Telescope Array (CTA) observations of NLSy1s in concert with radio/VLBI would be especially useful to better clarify the connection to other jetted AGN as well as the physics of NLSy1 jets.
Conclusions and Future Prospects
In this review, we summarized the recent progress of VLBI studies on AGN jets. Here, we summarize what we have discovered from the VLBI results and list some key questions to be addressed with future observations.
•
Jet launching scales: As demonstrated by the successful BH shadow imaging for M87, regular operation of EHT (230 GHz) and also GMVA (86 GHz) connected to ALMA has opened up a new frontier on AGN jet studies thanks to their extreme angular resolution of ∼50 R s down to a few R s for nearby sources. The joint use of the mm-VLBI and conventional cm-VLBI (sensitive to the large-scale emission) would be particularly interesting as a next step. Such high-resolution, multi-frequency analysis will, for the first time, connect jet images from the central engine to further out thoroughly, which will then permit us to specify the initial jet-launching geometry with subsequent collimation, particle energetics via spatially-resolved spectra, seeds of superluminal knots, and B-field strength/configurations in the magnetically-dominated regions. • Jet ACZ and recollimation shocks: Although Doppler-beamed properties (e.g., γ-ray emission) are obviously different between radio galaxies and blazars/NLSy1s (i.e., different jet orientations), the accumulated VLBI results are uncovering that a number of jets share common characteristics in terms of (deprojected) geometrical and kinematic properties at innermost scales, i.e., acceleration, collimation, recollimation shocks with structural transitions at the end of ACZ, and possibly also helical B-fields. It is remarkable that these features are commonly seen in all three types of jetted AGN (radio galaxies, blazars and NLSy1s), suggesting that a common jet formation mechanism is at work over a wide area in the (M BH ,Ṁ) domain. However, the dependence of those properties on jet power is still less defined (i.e., FR-I vs FR-II or BL Lac vs FSRQ). • Radio-TeV connection: Although we have gained a wealth of knowledge about the correlation between radio/VLBI and GeV γ-rays in AGN jets (especially blazars) thanks to the success of Fermi, the connection between radio and TeV γ-rays is still not well understood, due to the poorer statistics in TeV bands than in GeV [224] . So far only ∼60 TeV AGN have been known 10 despite the continued efforts by the existing TeV γ-ray facilities, and most of the TeV AGN are biased towards high-frequency peaked BL Lacs (HBL). Only a handful of FSRQ/radio galaxies and no NLSy1s have been detected in TeV. The CTA, a forthcoming γ-ray facility that enhances both angular resolution and sensitivity in TeV bands, is expected to update the TeV γ-ray sky dramatically. Coordinated mm-VLBI/cm-VLBI observations with CTA will be the key to robustly constrain the location and origin of the highest energy photons in AGN.
Multi-layered (spine-sheath) structure: Now, a number of studies propose that an AGN jet is not a simple homogeneous flow but is composed of multiple layers with different velocities or densities, as represented by the spine-sheath scenario (see, e.g., in [225] ). However, there is still little direct observational evidence confirming such multi-layered flows. To address this, a key attempt would be to detect both spine and sheath streamlines (with possible distinct spectral/velocity properties) in a spatially-resolved VLBI jet image, as already hinted in recent high sensitivity images of M87 [55, 66] . Future ultrahigh dynamic range radio imaging with SKA or ngVLA 11 connected to VLBI would greatly enhance the chance to detect such structures in many nearby AGN jets. • Magnetic-field topology: As mentioned before, a growing number of AGN jets are suggested to possess helical B-fields based on RM analysis, implying that such B-field structures are common to many jets. Nevertheless, this kind of studies may be further updated for a number of aspects. High-frequency VLBI will be able to reveal the B-field structures in the magnetically-dominated regions near BH. For low frequencies probing large-scale B-fields beyond the VLBI core, again future VLBI together with SKA or ngVLA (a factor of 10 or more enhancement in polarimetric sensitivity) will be the key to unveil RM distributions/gradients over the whole jet area, which is crucial to conclude the exact B-field topology. • Low-luminosity AGN: Here, we only focused on AGN with prominent jets. However, a majority of AGN are radio quiet or even though they are formally radio-loud, the jets are very weak on mas scales (see, e.g., in [226, 227] ). An extreme example would be the Galactic Center SgrA* (see, e.g., in [228] ). To constrain the regulation of jet power and production efficiency in AGN, horizon-scale comparison between powerful/weak-jet AGN would be necessary since GRMHD theories (for RIAF) predict that the magnetic flux threading BH and the BH spin are the key parameters for the jet production efficiency [5] , both of which are horizon-scale quantities. Nearby LLAGN such as M81 [229] , M84 [230] , the Sombrero galaxy [231] may be good potential targets of future horizon-scale weak-jet imaging with EHT. LLAGN jets would also be important for understanding the kinetic feedback in galaxy-AGN coevolution, as they could be less collimated than powerful jets so their large solid angles could efficiently heat the host galaxies [232] . • Multi-messanger view: Blazars have long been considered as potential sources of high-energy neutrinos. Recent multi-messenger observations of a blazar TXS 0506+056 discovered a coincidence of γ-ray flares with high-energy neutrino IceCube-170922A [233], opening a new era on multimessenger astronomy on AGN jets. Analysis of contemporaneous radio and VLBI data on this source found a large flux increase from the radio core that might be associated with the neutrino event [234] . Therefore, future dedicated VLBI follow-up of neutrino candidate AGN would help localize the site of high-energy neutrinos in relativistic jets.
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